It has been predicted theoretically and shown experimentally that the arterial pulse wave velocity will depend on the state of the arterial wall, this varying between individuals as a function of age and within the individual according to site and, because the arterial wall does not obey Hooke's law, according to the internal pressure at any given moment. In the present research, comparisons were made between test-retest reliabilities of measures of the pulse wave velocity obtained from different sites, and the effects of age, psychological "stress," and a psychoactive drug were investigated. It was concluded that the upper-arm arterial pulse wave velocity can serve as a sensitive psychophysiological measure of high reliability.
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XHE MEASUREMENT of the arterial blood pressure has occupied a central position in many investigations directed towards relating peripheral physiological changes with behavioral variables. Unfortunately, as Davis' 1 has pointed out, the continuous recording of arterial blood pressure involves many unsolved problems, both physiological and technical. For example, Snyder et al. lx have observed that attempts to relate blood pressure changes with the EEG cycle during sleep require a " . . . frequency and reliability of meas-urements which are difBcult to reconcile with the condition of natural sleep. To our knowledge there is no existing method of blood pressure measurement . . . which is ideally suited to these requirements and conditions." It is perhaps because of these problems that "as a physiological measure of emotion blood pressure has been relatively neglected in recent years." 10 The research reported here was undertaken in order to examine whether a related measure, the arterial pulse wave velocity, might present fewer difficulties but have comparable value as a psychophysiological variable. It must be added, however, that the relationship is only a partial one: the arterial pulse wave velocity should be regarded as a distinct measure of cardiovascular activity, its value determined by factors other than just the local arterial blood pressure. Because of the absence of a suitable validation criterion, it was decided that the measure's potential usefulness as a psychophysiological variable could best be assessed by first determining its reliability and then by examining its sensitivity as a dependent variable.
If the pressure of a column of liquid in a rigid tube is abruptly increased by the sudden application of a force at one end, the pressure rise is transmitted as a wave front traveling with a velocity of about 5000 ft./sec. If the wall of the tube is not rigid, the velocity will be less than this; generally, the higher the elastic modulus of the tube wall, the lower will be the velocity of the wave front.
In the cardiovascular system, the arterial pulse wave has its origin in the aorta due to the sudden increase in pressure during ventricular systole. According to Bramwell and Hill, 1 the relationship between the velocity of the pulse wave in meters per second (u) and the elastic modulus (E) of the arterial wall is expressed by 3.57 v = .
V£
where E is the percentage increase in volume per millimeter of Hg increase in pressure.
The predictive value of the equation is limited by the lack of constancy of E. The latter may differ not only for different arteries of the same individual, but also for different segments of the same artery (v increases as the pulse wave travels from the aorta to the periphery). Partly because of the degeneration of elastic fibers and the increase in collagenous tissues in the arterial wall, E decreases-and the pulse wave velocity increases-with the age of the individual. 3 Moreover, because living tissues are not perfectly elastic and obey Hooke's law over only a limited range of extension, 8 E is not constant over all ranges of pressure: Bramwell et al. 2 have shown how the pulse wave velocity is determined in part by the diastdlic pressure. Finally, the effect (on the value of the VOL. XXVII, NO. 5, 1965 elastic modulus, and therefore of the pulse wave velocity) of the activity of the smooth muscle of the vessel wall, especially in the more peripheral arteries, and of the pressure of the surrounding tissues is not known.
Therefore, we know that the velocity of the pulse wave is a function of the elasticity of the vessel and that this will vary between individuals and within the same individual, both according to site and according to the level of the diastolic blood pressure and the activity of the smooth musculature of the arterial wall. It follows that changes in the velocity of the pulse wave for a given segment of artery should be determined almost entirely by changes in the local blood pressure and/or the activity of the smooth musculature of the segment. It was these apparent interdependences which suggested the hypothesis tested in the present research.
Structure of Study
It has been shown that the brachialdigital systolic and diastolic pressure gradients are both markedly influenced by the peripheral vasomotor state.
0 It follows that the brachial-digital arterial pulse wave velocity gradient will also vary according to the degree of peripheral vasodilation or constriction. The fact that the brachial-digital pulse wave velocities may vary independently of each other suggests that any measurement as inclusive as that made from the aorta to the periphery would have a low reliability. The findings of Ellson et al.° tend to confirm this supposition. For the purposes of the present investigation, therefore, it was judged desirable to measure the pulse wave velocity over as short a segment of the brachial artery as possible but also to include a more distal measurement for the sake of comparison. Not only would the importance of any measurement error be reduced by increasing the distance between transducers, but anatomical considerations severely limit the choice of transducers which can be used at any particular site.
It was decided that the optimal resolution of these conflicting factors and considerations might best be achieved by placing a transducer at about the middle of the forearm and obtaining separate measures for the upper-arm (aorta to forearm) and lowerarm (forearm to thumb pad) pulse wave velocities. It was then predicted that the velocity of the upper arm pulse wave would have a low correlation with that of the lower arm because of the presence of the varying brachial to digital gradient.
The recorded shape of the pulse wave is partly determined by the response characteristics of the body-transducer system.' 3 In any case, because of the occurrence of turbulence and of reflected waves, the pulse wave changes its shape as it travels towards the periphery, the harmonic components of higher frequencies having a greater velocity in a system with viscous damping. Wiggers 12 has also pointed out that the occurrence of natural vibrations in various parts of the arterial tree will affect the wave form, and McDonald 9 has added that differences in elastic behavior and calibre of the arteries modify the wave shape. It follows from these observations that the degree of accuracy of estimates of the pulse wave velocity will depend on how much the wave form changes as it travels from one transducer to another and, therefore, which particular point of the curve is chosen to serve as a measurement reference. It was judged that error would be minimal if the wave was measured from the earliest detectable portion which represents the very rapid rise in pressure due to the opening of the aortic valve-a rise which is apparent within a few thousandths of a second (Fig. I) . 1 Unfortunately, although the choice of what is essentially a baseline reference point minimizes measurement errors, it precludes the possibility and convenience of having the signal trigger an interval measuring device of the eardiotachometer type.
The assumption was made that the beginning of the R wave of the ECG would always precede the beginning of the actual pulse wave in the aorta by an interval which, for the purposes of the present investigation, could be regarded as constant not only for the same, but for different subjects. Given this assumption, the beginning of the R wave of the ECG (Lead II) recording can serve as a sharply defined measurement reference for the pulse wave in the aorta. A four-electrode double Kelvin bridge impedance plethysmograpb* was used as the pick-up device for the forearm pulse wave; the electrodes (1-in. squares of silver mesh covered with sponge rubber soaked in normal saline) were placed in line along the dorsal surface of the right forearm. The electrode furthest from the hand was the common ground for both the ECG and plethysmograph. The third pulse wave form was obtained from the pad of the right thumb using a photoelectric cell to pick up the changes in light transmission caused by the blood volume being pulse modulated. 
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(ravel time between each two sites. In order to be able to calculate the pulse wave velocity it is now necessary only to know the distance between each pair of pick-up sites.
The general experimental arrangement is shown schematically in Fig. 2 . With the S's arm extended horizontally, the distance between the suprasternal cleft and the midpoint between the two center plethysmograph electrodes (B) and from the latter point to the center of the photocell (A) were measured. It should be noted that the estimate of the distance traveled by the pulse wave from the aorta to the forearm involves an error due to measurements being taken from the suprasternal cleft. Once again, the assumption is made that this error will be a constant one; the value obtained from the upper-arm pulse wave velocity will be numerically incorrect but will retain its validity as a comparative measure. In fact, the median score for the upper-arm arterial pulse wave velocity representing the first relaxation measure of Experiment 1 had a value of 2.27 m./sec. In addition to making it possible to obtain estimates of the reliability of the two measures the first experiment was also designed to examine the effect of a psychoactive drug. Chlordiazepoxide (Librium)* is commonly used as an antianxiety agent which, in moderate dosages, has no marked side effects and has not been reported to cause marked changes in blood pressure in humans. For the present study it possessed the advantage that it could be administered intravenously, thereby making it practicable to use both drug and placebo medication during the same test session. This made possible an experimental design in which the variance of the data was reduced to the point where significant differences between drug and placebo effects were demonstrated 'Supplied by Hoffmann-La Roche, Inc., Nutley, N. ,T.
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The experimental group was composed of 15 volunteer female staff members (median age: 31.3 years, Q: 5.4). Subjects were not accepted if they were currently taking medication or had a history of cardiovascular disorder.
The general nature of the experiment wa.s explained to each S and she was asked to lie down and relax on a hospital bed in a sound-deadened electrically screened room with subdued lighting. The electrodes and photoelectric transducer were attached, and only the E who was to administer the injection remained in the room. After 2 min. the polygraph (located outside the room) was operated to obtain a 2-min. recording of the electrocardiograph and the forearm and dig.tal pulse waves. Three consecutive determinations of the systolic and diastolic blood pressure were then made by the auscultatory method, the mean of the three estimates was noted, and the S was again asked to relax. Immediately after this, the first injection was made into one of the cubital veins of the S's left forearm. After a 20-min. relaxation period, another 2-min. recording was taken, the blood pressure determinations repeated, and the second injection given. Finally, after another 20-min. relaxation period, a third 2-min. recording and series of blood pressure determinations were taken. The entire test session was replicated after 1-7 days, the length of the intervening period being determined by the availability of the S.
For both sessions the first injection was always a placebo. For 8 of the Ss (chosen at random) the second injection of the first session was a placebo; the remainder of the subjects received chlordiazepoxide. The drug/placebo alternative was reversed for each S for the second injection of the second session. The dosage level used was 0.5 mg. chlordiazepoxide per pound of body weight. The double-blind procedure followed was incomplete in that the Es (but not the Ss) knew that the first injection of each test session would be a placebo.
Arterial pulse wave velocities were scored in the manner described above and the mean of the values for each of the first five pulse waves of each individual recording It can be seen that for the lower arm, only the scores at the end of the first 20-min. relaxation period are significantly reliable. As predicted above, there were no significant correlations between upper-and lower-arm pulse wave velocities at any of the measurement points. The calculation of the wholearm pulse wave velocity was therefore considered to be of little value in the present experiment.
In order to achieve a balanced design to test the hypothesis that chlordiazepoxide, being an antianxiety agent, would reduce the arterial pulse wave velocity, the scores from 1 (chosen at random) of the 8 Ss who had received the drug during the second test session were discarded. Therefore the group involved in the subsequent analysis consisted of 7 Ss who on the first test had been given a placebo for both injections and 7 who had been given a placebo for their first injection but chlordiazepoxide for their second. On the second test occasion the treatment of the 2 subgroups was reversed. It was now possible to calculate two pulse wave velocity difference scores for both the upper and lower arm for each S-placebo minus placebo and placebo minus chlordiazepoxide. Wilcoxon matched-pairs signedrank tests showed the chlordiazepoxide significantly to lower the upper-arm arterial pulse wave velocity (P<0.001, one-tailed test) but not that of the lower arm, the amount of change showing no significant rank order correlation with the level before the drug was given. Both the systolic and diastolic blood pressures (as measured at Bj and B 2 ) were found to have significantly high test-retest reliabilities (systolic: r s , 0.80; diastolic: r a , 0.76, [P<0.001 in each case]), but they failed to differentiate between drug and placebo effects. As expected, the pulse wave velocity basic scores (as compared with the difference scores) for drug and placebo medication on the different occasions did not significantly differ from each other, thus confirming the appropriateness of this kind of experimental design.
Experiment 2
We wished to investigate the effect of two independent variables in this experiment: age and mild "stress." It was predicted that increasing age or the occurrence of "stress" would increase the arterial pulse wave velocity. A group of 18 older volunteer female staff members (median age: 50.0 years, Q: 3.0) and a group of 18 volunteer student nurses (median age: 20.7 years, Q: 0.4) were tested. Once again, subjects were not accepted if they were currently taking any medication or had any history of cardiovascular disorder.
Taking into account the lack of reliability of the lower-arm pulse wave velocity during the early part of the previous experiment, records were not taken until after a 20-min. relaxation period. In the case of the student nurses only, the relaxation period was followed by a 2-min. "stress" period during which each S was given a 4-digit number, instructed to subtract a 2-digit number from it and then again from the answer and so on. Answers were to be given aloud and it was emphasized that maximum speed was essential. Recordings were continued during this entire 2-min. "stress" period. It should be emphasized that all the student nurses experienced a 20-min. relaxation period followed by 2 min. of "stress." The experimental design was not extended to obtain comparable data for 20 min. relaxation followed by a further 2-min. relaxation; it was regarded as unnecessary, partly because so short an additional relaxation period would hardly be likely to change the scores and partly because it was already known from an analysis of the data of Experiment 1 {B x Ci and B 2 C 2 ) that an additional 20-min. relaxation period caused a predicted decrease in the upper-arm arterial pulse wave velocity (Wilcoxon one-tailed test: P < 0.005). In this experiment, we were predicting that a significant increase would occur during "stress." Finally, for both groups, three consecutive auscultatory blood pressure determinations were made 5 min. after the conclusion of the recordings.
Records were scored in the same manner as before at the end of the relaxation period and, in the case of the student nurse group, at the end of the 2-min. "stress" period. Mann-Whitney U tests showed that the 2
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groups significantly differed in the predicted direction (confirming the results of Bramwell et al. 3 ) in upper-arm pulse wave velocity scores measured at the end of the relaxation period (P < 0.01; one-tailed test), but surprisingly, that there was no significant difference between the scores for the lower arm. The blood pressure scores also differed between the 2 age groups (systolic: P < 0.05; diastolic: P < 0.001, [MannWhitney U one-tailed tests]).
There was a highly significant difference between the "stress" and relaxation upperarm scores of the student-nurse group (Wilcoxon: P < 0.001; one-tailed test), but this too was not paralleled in the lower arm scores.
Spearman rank correlation coefficients calculated for the upper and lower arm velocities of the older group, and again for the younger, were not significant as was predicted (see above) and as found in Experiment 1.
Summary and Conclusions
The experiments described above show that the lower-arm pulse wave velocity scores had a significant test-retest reliability after the 20-min. relaxation period but did not differentiate between the placebo and drug, the 2 age groups, or the "stress" and relaxation periods; there was no significant correlation with the upper arm scores. By contrast, the upperarm scores showed high pre-and postrelaxation test-retest reliabilities and differentiated between placebo and drug effects, the 2 age groups, and the "stress" and relaxation periods at high levels of significance. In comparison, it is interesting to note that although the auscultatory diastolic and systolic blood pressure measures taken at the end of the 20-min. relaxation periods gave significantly high test-retest reliability coefficients and differentiated between the 2 age groups, they showed no significant differences between the placebo and drug effects. Neither did they show any significant rank order correlations with either the upper or lower arm arterial pulse wave velocity at any of the measurement points in either experiment.
A useful psychophysiological measure should at least be reliable, sensitive, and capable of being recorded continuously with minimal subject discomfort and reactive error. Additionally, it is especially advantageous if interval or frequency, rather than amplitude, quantification is possible, as this not only permits the use of simpler instruments but facilitates the successful telemetering of physiological information. The upper-arm arterial pulse wave velocity appears to be a measure which fully satisfies these requirements and which, for some purposes, could serve as a useful alternative to those less precise and experimentally less appropriate technics of blood pressure determination which are currently available.
